A holographic device characterised by a large angular range of operation is under development. The aim of this study is to increase the angular working range of the diffractive lens by stacking three layers of high efficiency optical elements on top of each other so that light is collected (and focussed) from a broader range of angles. The angular range of each individual lens element is important, and work has already been done in an acrylamide-based photosensitive polymer to broaden the angular range of individual elements using holographic recording at a low spatial frequency. This paper reports new results on the angular selectivity of stacked diffractive lenses. A working range of 12 ∘ is achieved. The diffractive focussing elements were recorded holographically with a central spatial frequency of 300 l/mm using exposure energy of 60 mJ/cm 2 at a range of recording angles. At this spatial frequency with layers of thickness 50 ± 5 m, a diffraction efficiency of 80% and 50% was achieved in the single lens element and combined device, respectively. The optical recording process and the properties of the multilayer structure are described and discussed. Holographic recording of a single lens element is also successfully demonstrated on a flexible glass substrate (Corning(R) Willow(R) Glass) for the first time.
Introduction
Photopolymers are fast becoming one of the most popular recording media for holographic applications for a variety of reasons; they have excellent holographic characteristics, such as high refractive index modulation, large dynamic range, good light sensitivity, real time image development, high optical quality, and low cost. Photopolymer materials have been investigated for use in a number of holographic applications [1] [2] [3] [4] [5] [6] [7] [8] . Recent work proposes stacking of low spatial frequency transmission holograms [9] and multiplexing of high spatial frequency transmission Holograms [10] in different photopolymers as promising approaches for tracking-free sunlight redirecting devices.
An ideal holographic recording material should have the following properties: high sensitivity to available commercial wavelengths, high spatial resolution for improved quality recording, linear response to recording intensities, and low noise, that is, a fine grain structure to reduce scatter effects. In applications where low angular selectivity is necessary, the ability to record at lower spatial frequencies is also beneficial. Considerations regarding material flexibility, substrate flexibility, substrate thickness, substrate optical properties, and good adhesion are also of significance, particularly when stacking layers.
Over the years a number of other researchers have studied the response of the low spatial frequency gratings in photopolymer materials to be used in different applications. For example, Tarjanyi et al. [11] reported on the response of photopolymer material at low spatial frequency and different recording intensities and Pascual et al. [12] have investigated the capability of a photopolymer recording material for mass 2 International Journal of Polymer Science production of computer generated gratings at low spatial frequencies.
In the work presented here a self-developing acrylamidebased photopolymer has been used as the photosensitive medium [13] [14] [15] [16] [17] [18] . The capability of this material to record at low spatial frequencies has been attributed to the relatively high permeability of the polymer matrix and fast monomer diffusion, which allows for the recording of high diffraction efficiency gratings even in the low spatial frequency regime [19] . Such low spatial frequencies are preferable when devices with larger acceptance angle (broad angular and wavelength selectivity operation ranges) are sought. Keeping the spatial frequency low ensures that the angular selectivity of each individual grating/lens is low so that the range of angles accepted by each individual grating is maximized and the number of gratings needed in the combined device is minimized. In this work we present low spatial frequency photopolymer holographic lenses stacked together in order to increase the angular range of the focussing device.
Theoretical Background
For a given material, diffraction efficiency depends directly on the thickness of the holograms, but the angular and wavelength selectivity depends on both thickness and the spatial frequency of the grating. In agreement with volume holographic grating theory [20] , a previous study demonstrated that gratings and lenses recorded on thinner layers at low spatial frequencies have a much greater acceptance angle [9] . For example, the acceptance angle for gratings recorded in 50 m thick layers at a spatial frequency of 1000 l/mm is about 1 ∘ , whereas gratings recorded at spatial frequency of 300 l/mm show an acceptance angle of approximately 3 ∘ . Multiplexing many gratings in one layer has been shown to work well [4] ; however the diffraction efficiency of each grating decreases with the number of gratings recorded due to the limited dynamic range of the photopolymer.
In order to increase the angular range further without reducing the diffraction efficiency of each element, a number of holograms can be stacked by laminating them together using flexible substrates. The use of flexible substrates (such as plastic and flexible glass [21] ) has significant advantages over conventional thicker glass as is flexible, conforms to the required shape, and has a reduced weight as well as thickness, implying lower losses for stacking devices. Examples of stacked displays on flexible glass substrates have previously been demonstrated [22] . Use of flexible substrates also enables high-volume continuous manufacturing methods such as roll-to-roll device fabrication [23] .
In this study the holographic elements used are focussing elements, also referred to as diffractive optical element (DOE) lenses. DOE lenses are made by interfering a spherically focussed beam with a reference beam (collimated) and arranging the photopolymer layer at the overlap as described in Section 3.3. The photopolymer material responds by producing a local variation in refractive index that records the interference fringe planes formed as the spherical and plane waves interfere. Controlling the interference pattern allows control of the diffraction properties of the element recorded. The performance of the DOEs is characterised in terms of diffraction efficiency and angular selectivity.
In this approach each element is designed to focus an off-axis collimated incident beam to a point behind the holographic element, as shown below. For this study, three off-axis focussing elements are then stacked together, each designed for a different angle of incidence, so that when combined, the stack is capable of focusing light incident from a broader range of angles. This arrangement of layers also requires a careful control of their thickness so that each focusing elements has the expected FWHM working range. Figure 1 is a schematic diagram showing how the individual DOE redirects the incident light. The DOE is a complex diffractive element which can be thought of as a series of slanted gratings that redirect the incident light towards the focal point. The spatial frequency and slant angle of the grating planes vary across the DOE. For example, the spatial frequency of the grating at point A in the diagram will be much greater than the spatial frequency at point B, but the slant angle of the grating planes will be greater at B than A. The material used must be capable of recording the desired range of spatial frequencies.
In this study, in order to increase the operation angle of the device three individual layers of high efficiency DOEs are recorded at three different positions of the recording material with respect to the interference pattern. After recording they are laminated on top of each other without any air gap in order to reduce reflection losses.
Since they can be considered thick holograms, the maximum diffraction efficiency is achieved when the DOEs are probed at the correct reconstruction angle. Each grating element within the DOE should be illuminated at the Bragg angle for that grating. This is achieved using a collimated International Journal of Polymer Science 3 
where is the diffraction order (for thick holograms = 1), is the Bragg angle defined as the angle that the incident beam makes with the fringe plane in the recording medium, is the wavelength of the recording beam, and Λ is the fringe spacing.
The recorded DOEs in this study are considered as thick holograms [20, [24] [25] [26] , because ≥ 1, where parameter is defined by
where is the thickness of the recording medium, 0 is the average refractive index of the recording material, and Λ is previously defined. In this study these parameters correspond to a factor of about 10. This value was estimated by taking the spatial frequency of 300 l/mm at the centre of the lens and the photosensitive layer thickness of 50 ± 5 m.
Kogelnik predicts the relationship between incident angle and diffraction efficiency in thick gratings, for specific conditions [20] . For gratings that are not overmodulated there is a maximum at the Bragg angle and the width of the peak depends on grating thickness and spatial frequency. The lenses presented here are characterised by measuring the diffraction efficiency over a range of angles in order to determine this angular selectivity. When interpreting the results it should be borne in mind that for such DOEs a range of spatial frequencies and slant angles are always present.
Experimental

Photopolymer Solution Preparation.
The material used in this research is a self-developing acrylamide-based watersoluble photopolymer as previously described [13] . The composition of this material is acrylamide and methylenebisacrylamide monomers, triethanolamine as an initiator, a polyvinyl alcohol binder, and an erythrosine B as a sensitizer. The average refractive index of the fabricated photopolymer layer is approximately 0 = 1.50 [27] . Table 1 shows the component concentrations of the photopolymer solution used to obtain layers of 50 ± 5 m thick, as confirmed by white light interferometry. 3.2. Layer Preparation. 0.5 mL of the photopolymer solution was spread evenly using the gravity settling method on a 25 × 75 mm 2 flexible plastic (Bayer's Makrofol) or glass substrate and then placed on a levelled surface and allowed to dry for 18-24 hours in darkness under normal laboratory conditions (20) (21) (22) (23) (24) (25) ∘ C, 40-60% RH).
Holographic Set-Up.
DOEs were recorded in a twobeam holographic optical set-up ( Figure 2 ) using a vertically polarized Nd:YVO 4 laser (532 nm), and a Helium-Neon laser (He-Ne) at 633 nm was used as a probe beam. Both the recording beams and the probe beam are vertically polarized.
The intensity of the recording beams was set by a variable neutral density filter to 1 mW/cm 2 . Previous studies have shown this intensity to be optimum for recording at a spatial frequency of 300 l/mm [9] . A spatial frequency of 300 lines/mm was obtained by adjusting the interbeam angle to 9
∘ . The exposure time was kept constant at 60 s; thus an exposure energy of 60 mJ/cm 2 in a layer of thickness 50 ± 5 m was achieved. A rotation stage was used to set the angle of the recording medium with respect to the recording beams, for each element. In order to characterize the diffracted intensity dependence on the incident angle of the probe beam, the grating was placed on a rotation stage (Newport, ESP 300). An optical power meter (Newport 1830-C) recorded the intensity of the diffracted beam and the data was transferred to a computer via a data acquisition card. A LabVIEW program was used to control the experiment and to record the data.
The first step of this experiment involves the characterization of the Bragg selectivity curve for each layer individually. The Bragg curve can provide information about the grating/lens parameters such as efficiency, thickness, angular full width half max (FWHM), and refractive index modulation. The second step involves the study of the angular selectivity of the device after stacking three DOE lenses, recorded in individual layers, on top of each other. The distance from the photopolymer sample to the focal point of lens defines the focal length of the recorded DOE, where in this study the fabricated elements have a focal length of about 6 cm. The focal length of fabricated DOEs can be varied by changing the distance between the focus point of the lens to the photopolymer recording material.
The diffraction efficiency of the recorded DOE lenses determines the efficiency of each element at redirecting light to the appropriate angle and is defined as
where is diffracted beam intensity, in is incident (probe beam) intensity, and is diffraction efficiency. Using the ratio of the intensity in the diffracted beam to the incident intensity means that reflection, absorption, scatter, and other losses in the substrates and photopolymer will lower the diffraction efficiency value, but it allows a more realistic estimate of the usefulness of the elements in collecting light. A range of high efficiency DOE lenses were holographically recorded at three different positions of the recording material with respect to the interference pattern created by the recording beams. The central spatial frequency was relatively low −300 l/mm. The layers then were stacked on top of each other. Lamination of the photopolymer layer to the substrate of its immediate neighbour in the stack ensures good adhesion and no air gap. The key challenge is to control the working ranges of the individual holographic elements so that when laminated together the Bragg selectivity curves overlap sufficiently. In other words, as the angle of incidence changes and the first grating efficiency begins to drop the second should begin to rise.
The experiment was carried out by characterizing the angular response of the zero diffraction order and the first diffraction order of the recorded lenses before and after stacking. In this work, optical elements were aligned by using the grating/lens edge as a guide. Angular alignment depends on the effective lamination of each layer to the next and careful control of the recording angles for each diffractive element.
Results and Discussion
The following results show how diffraction efficiency varies with angle of incidence for individual holographic focussing elements, recorded in photopolymer on plastic substrates, as well as a combined stack of three elements. Successful recording is also demonstrated in photopolymer on flexible glass substrates using the same techniques.
Comparison of the Acceptance Angle of Diffractive Optical
Elements before and after Stacking. The variation of the diffraction efficiency with angle of incidence in the zero and first diffraction orders for holographic lenses recorded at range of angles (7 ∘ , 10.5 ∘ , and 14 ∘ ) is shown in Figure 3 . A diffraction efficiency of about 80% was observed. The FWHM is between 4.5 and 5
∘ for each lens element. Figure 4 shows the variation of diffraction efficiency with angle of incidence for the zero and first-order diffraction of the stacked elements from Figure 3 . It can be observed that the FWHM was increased to collect light from a working range of approximately 12 ∘ ; however, losses in diffraction efficiency have occurred in the gratings after stacking as the diffraction efficiency has dropped to approximately 50%. Even though the layers appear to laminate together exceptionally well this reduction in efficiency may be caused by cumulative losses (scattering and reflection) at the multiple layer interfaces, since there are six interfaces in total including substrates. The decrease in diffraction efficiency after stacking the layers may be improved by using a different substrate where the refractive index will be better matched and moving to a thinner more transparent substrate with reduced birefringence, haze, and scattering. Flexible glass, such as Willow Glass, could be the solution. Table 2 displays the measured optical properties of three substrates.
The transmittance and reflectance of the three substrates available have been compared by using a laser with wavelength of 633 nm incident at 10.5 degree on the substrate and the results are shown in Table 2 . Each transmittance and reflectance value is an average of 8 readings. The refractive index of the plastic and flexible glass substrates was measured using an Abbe refractometer. The results are given in Table 2 .
Recording High Efficiency Diffractive Optical Elements on Flexible Glasses
Substrate. This section describes an exploratory study demonstrating successful holographic recording of focusing elements with low spatial frequency and broad working range on flexible glass (Corning(R) Willow(R) Glass) [21] . This novel glass is beneficial for our purpose as it provides better transparency ( Table 2) as well as previously mentioned advantages. The flexible glass substrate is dimensionally stable to enable required layer-tolayer alignment, while also displaying low scattering, haze, and absorption. The flexible glass substrate has been demonstrated to be compatible with roll-to-roll and sheet-level coating, lamination, printing processes, as well as stacked multilayer devices with low parallax [23, 28] .
A holographic lens with an off-axis focusing effect was recorded on Willow Glass of size 26 × 76 mm 2 and 100 m thickness. The layer preparation conditions were identical to the conditions used for the plastic substrate. The diffractive lens element was recorded at 10.5
∘ away from unslanted position in order to compare the functionality and the performance of the lens element with that recorded on a plastic substrate. Figure 5 shows the angular response of the zero and 1st diffraction order of the recorded lens element. The focal length of the recorded lens element was 6 cm with diameter of 0.9 cm. It can be observed that a maximum diffraction efficiency of over 90% was achieved, where ∘ . These very promising results demonstrate that flexible glass is a suitable and stable substrate for holographic recording, while achieving high diffraction efficiency with similar working ranges to the lens elements recorded on plastic substrates.
These encouraging results will prompt new avenues of research into the development of DOEs. The high optical quality of flexible glass (low scattering, birefringence, and absorption) will enable the fabrication of improved devices in any application where device thickness/weight is an issue and where optical losses should be minimized. In addition, the conformable nature of holographic photopolymer devices made on optical glass will enable new device configurations including laminated stacked holographic devices, deformable holographic devices, and combinations of holographic and optoelectronic devices. Future work will involve recording a series of gratings/lenses on flexible glass and comparison of the loss in diffraction efficiency after stacking the layers with the results above. Investigation into the exploitation of the flexible nature of the glass in order to tune the holographic properties is also currently underway.
Conclusion
Results confirmed that stacking three holographic elements on plastic substrates increased the acceptance angle of the combined device to 12 ∘ FWHM. The proposed method could be used in applications such as a solar collection and manipulation of beams in illumination systems. For the first time DOEs have been recorded on these flexible glass substrates (Corning(R) Willow(R) Glass). A maximum diffraction efficiency of 90% was observed in photopolymer layers of 50 ± 5 m thickness at this spatial frequency. This means that over 90% of the incident light was measured in the diffracted beam with no correction for reflection, absorption, or other losses. The focal length of the fabricated elements was 6 cm.
Future work will focus on improvement of diffraction efficiency after stacking the layers with large angular response using flexible glass.
